SKELETAL MUSCLE exhibits an exceptional capacity to recover from injury. Coordinated processes of vascular growth and maintenance, extracellular matrix deposition, and nerve and muscle fiber regeneration contribute to its recuperative plasticity (9, 48) . Most pharmacological therapies that target patients with injured limb muscles are inefficient in that they are largely directed at individual cell types or specific signaling pathways (30, 31) . It has become increasingly clear, however, that the muscle vasculature plays an important role in myogenesis, regulation of metabolism, and protein composition of skeletal muscle. In turn, muscle cells secrete angiogenic factors into blood vessels in response to changes in metabolic demand or stress (13, 36) .
A skeletal muscle's capacity for tissue repair is conferred by satellite cells located between the basal lamina and the sarcolemma of mature myofibers. Satellite cells are quiescent myoblasts that play critical roles in muscle hypertrophy, recovery from disuse, and regeneration after injury (21) . After muscle injury, these satellite cells reenter the cell cycle, proliferate to repopulate the satellite cell pool, and then give rise to a large number of myogenic precursor daughter cells before they fuse to existing myotubes or contribute to the regeneration of necrotic myofibers (39) . Strong evidence suggests that rapid activation of satellite cells in response to fiber injury is accomplished through the release of hepatocyte growth factor (HGF) and products of neuronal nitric oxide synthase (nNOS) (3, 38, 43) . In addition, satellite cells reside in close proximity to myofiber capillaries and receive support from endothelial cells in the form of various growth factors, including basic fibroblast growth factor (bFGF), insulin-like growth factor-1 (IGF-1), vascular endothelial growth factor (VEGF), and platelet-derived growth factor (PDGF) (21) . Satellite cells then produce endothelial growth factors that stimulate angiogenesis, thus providing the new tissue with oxygen and nutrients (10) . The extent to which traditional "vascular" growth factors such as the angiopoietins also play a role in the determination of skeletal myocyte survival, recovery from insult, and the regulation of cellular metabolic pathways has not yet been determined.
Among the genes expressed early after initiation of skeletal muscle injury are several angiogenic growth factors, including angiopoietin-1 (Ang-1), angiopoietin-2 (Ang-2), and Tie-2 (the cognate receptor of Ang-1 and Ang-2) (46) . Ang-1 is the principal ligand of Tie-2 and it promotes vascular development in embryos and enhances endothelial survival, migration, and differentiation (7) . Recent studies indicate that Ang-1 also promotes survival of skeletal and cardiac myocytes and enhances proliferation and differentiation of satellite cells in vitro (12, 25) . In addition, Tie-2 receptors have been detected in a subset of skeletal muscle satellite cells that are required for regeneration (2) . Collectively, these findings suggest that, in addition to its pro-angiogenic properties, Ang-1 may also possess some myogenic properties and that it may play a critical beneficial role in in vivo regeneration of injured skeletal muscle fibers.
In this study, we hypothesized that overexpression of Ang-1 inside muscle fibers during the early phase of regeneration from necrotic fiber injury results in acceleration of fiber regeneration and, consequently, improvement of muscle contractile performance. We also hypothesize that these effects are due to enhanced regenerative capacity of skeletal muscle precursor (satellite) cells in response to induction of myogenesis and angiogenesis. To identify signaling pathways and mechanisms through which Ang-1 regulates the myogenesis program, we conducted in vitro experiments on skeletal muscle precursor cells and in vivo experiments on cardiotoxin injection-induced fiber-injured tibialis anterior (TA) muscles of mice that had been administered adenovirus-delivered Ang-1 shortly after the onset of fiber injury.
METHODS
This study was carried out in strict accordance with standards established by the Canadian Council of Animal Care and the guidelines and policies of McGill University. All human donors were informed of the procedures and signed consent forms. All animal experiments were approved by the McGill University Animal Ethics Committee and the Human Research Ethics Office of the McGill University Health Centre. The following experiments were performed.
Regulation of Angiopoietin Expression During Muscle Injury and Regeneration in Mice
Adult male C57/Bl6 mice (6 -8 wk old) were anesthetized with ketamine (130 mg/kg ip) and xylazine (20 mg/kg ip). Cardiotoxin (10 M) was injected into one TA muscle to induce in vivo skeletal muscle injury, as previously described (23) , and 40 l of phosphatebuffered saline (PBS) was injected into the contralateral muscle to serve as a control (noninjured). Mice were euthanized by anesthetic overdose at 1, 3, 7, and 14 days postinjury (n ϭ 6 for each). To assess changes in Ang-1 and Ang-2 expression during muscle injury and regeneration, TA muscles were excised immediately after euthanasia and prepared for real-time PCR (qPCR) and immunohistochemistry.
Cell culture. To detect Ang-1 and Ang-2 expression in pure skeletal muscle precursors and to compare angiopoietin expression in human and murine muscle precursors, primary human and murine skeletal myoblasts were isolated from human vastus lateralis biopsies or dissected TA muscles of adult (8 wk) male C57/Bl6 mice, as previously described (37) . To obtain human myoblasts, biopsies were obtained from two male healthy donors (26 and 23 years old). Briefly, muscle samples were subjected to collagenase digestion (0.2% collagenase at 37°C for 60 min) followed by trituration with Pasteur pipettes of decreasing bore size to liberate muscle fibers. Fibers were washed in Dulbecco's Modified Eagle Medium (DMEM), then transferred onto Matrigel-coated culture plates and incubated with DMEM supplemented with 10% horse serum (HS) and 0.5% chick embryo extract (CEE). After 4 days of incubation, myoblasts attached to the substratum were expanded in growth medium [DMEM supplemented with 20% fetal bovine serum (FBS), 10% HS and 1% CEE]. Primary human skeletal myoblasts from the two donors were pooled. Myoblasts were subcultured until passage 6.
Real-time PCR (qPCR). Total RNA (2 or 5 g) was extracted from frozen muscle samples or cultured myoblasts using a GenElut Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, Oakville, ON). Total RNA (2 or 5 g) was reverse transcribed using Superscript II Reverse Transcriptase and random primers, as previously described (19) . Expression of murine Ang-1 and Ang-2, human Ang-1, Ang-2, VEGF, and 18S (endogenous control) mRNA was measured using TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA). qPCR was performed using a 7500 Real-Time PCR System (Applied Biosystems). All qPCR experiments were performed in triplicate. To determine absolute copy numbers of mRNA expression, standard curves that relate their cycle threshold (C T) values to copy numbers were established as described (33) . Copy numbers were then normalized per 10 4 copies of 18S. Immunohistochemistry. Excised TA muscles were fixed overnight in 10% buffered Formalin, dehydrated, and paraffin embedded. Paraffin sections (5 m) taken from the upper, middle, and lower regions of the muscle were deparaffinized and rehydrated. Rehydrated sections underwent an antigen retrieval protocol (exposure to sodium citrate buffer at 95-100°C for 20 min). Sections were then blocked with Ultra V Block and incubated overnight at 4°C with monoclonal primary antibodies selective to Ang-1 and Ang-2 at a dilution of 1:200 (R&D Systems, Minneapolis, MN). Sections were rewashed and then incubated with Primary Antibody Enhancer (20 min) and Value AP Polymer anti-mouse/rabbit secondary antibodies (dilution of 1:500). Immunohistochemistry was performed using an UltraVision LP De- Fig. 1 . Angiopoietin (Ang)-1 (top), Ang-2 (middle), and VEGF (bottom) mRNA expression in cardiotoxin-injured and regenerating tibialis anterior (TA) muscle. Ang-1, Ang-2, and VEGF in TA muscle during cardiotoxininduced injury and regeneration, expressed as fold change relative to noninjured muscle. Values are means Ϯ SE (n ϭ 7 per group). *P Ͻ 0.05 compared with noninjured muscle. tection System (AP Polymer/Fast Red Chromogen) (Thermo Scientific, Fremont, CA). Tissues were positively stained with Fast Red and counterstained with hematoxylin.
Immunofluorescence. Frozen TA muscle samples were cut into 10-m sections. Sections were fixed in 2% paraformaldehyde, permeabilized in 0.2% Triton, blocked in PBS blocking solution (with 2% BSA, 0.2% Triton, and 0.05% Tween), and incubated overnight at 4°C with the following primary antibodies: angiopoietin-1 (EB10272, at a dilution of 1:50) (Everest Biotech, Ramona, CA), angiopoietin-2 (ab8452, at a dilution of 1:200) (Abcam, Toronto, ON), laminin (L9393, at a dilution of 1:750) (Sigma-Aldrich), von Willebrand Factor (ab6994, at a dilution of 1:50) (Abcam), and Pax7 (at a dilution of 1:10) (The Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA). Sections were washed with PBS and incubated for 30 min at room temperature with the following secondary antibodies: donkey anti-goat Alexa Fluor 488 (A11055), goat anti-rabbit Alexa Fluor 568 (A11036), and goat anti-rabbit Alexa Fluor 488 (A11008), all supplied by Life Technologies, Burlington, ON. After three washes, sections were counterstained with PBS containing 4=,6-diamino-2-phenylindole (DAPI) nuclear stain, rinsed twice, and mounted with an aqueous-based mounting medium. For Ang-1/ laminin and Ang-2/laminin double immunofluorescence, the laminin antibody was directly labeled according to the manufacturer instructions with a Sigma-Aldrich Mix-n-Stain CF Antibody labeling kit (MX568S20). Slides were visualized using a Ziess LSM 780 confocal microscope. Images were processed using Zen software (Zeiss Canada, Toronto, ON).
Immunoblotting. Human skeletal muscle myoblasts were washed twice with ice-cold PBS and lysed on ice in a buffer consisting of 50 mM HEPES, 150 mM NaCl, 100 mM NaF, 5 mM EDTA, 0.5% Triton X-100, and protease inhibitors (5 mg/ml aprotinin, 2 mg/ml leupeptin, and 100 mM phenylmethanesulfonyl fluoride). Lysates were centrifuged at 1,000 g for 5 min. Supernatants were boiled for 5 min then loaded onto tris-glycine SDS-polyacrylamide gels. Protein content was precipitated out of culture medium using the acetone precipitation method, reconstituted with SDS sample buffer, and loaded onto tris-glycine SDS-polyacrylamide gels. Proteins were electrophoretically transferred onto polyvinylidene difluoride membranes, blocked for 1 h with 5% nonfat dry milk, incubated overnight at 4°C with primary mouse anti-human Ang-1 or Ang-2 antibodies at a dilution of 1:750 (R&D Systems), and detected with horseradish peroxidaseconjugated anti-mouse secondary antibody (dilution of 1:10,000) and ECL reagents. Equal loading of proteins was confirmed by reprobing with anti-␤-Tubulin antibody at a dilution of 1:1,000 (Sigma-Aldrich).
Regulation of Skeletal Muscle Regeneration by Ang-1 and Ang-2
Recombinant adenoviruses expressing human Ang-1 (Ad-Ang-1) or Ang-2 (Ad-Ang-2) were constructed as previously described (45) . Adult male C57/Bl6 mice were anesthetized and injected with cardiotoxin or PBS as described above and allowed to recover. Four days later when maximal levels of muscle myoblast proliferation are usually reached in cardiotoxin-injured skeletal muscles (49), mice were anesthetized and injured TA muscles were injected with 30 l of Ad-Ang-1, Ad-Ang-2, or Ad-GFP (control) (1.5 ϫ 10 9 virus particles/ muscle). Contralateral muscles served as controls (noninjured). Ten days later (14 days postinjury), mice were anesthetized and TA muscles were either left intact for in situ measurements of contractility or excised for measurements of indices of regeneration. Pilot experiments revealed that 14 days postinjury was the optimal time point at which treatment impact on muscle force generation was shown.
In situ TA muscle contractility. Anesthetized mice were immobilized in the supine position. The distal tendon of the TA was isolated and tied to the lever arm of a dual mode force transducer/length servomotor system mounted on a mobile micrometer stage. The exposed section of the muscle was kept moist with an isotonic saline drip (37°C) and directly stimulated with an electrode placed on the belly of the muscle. Supramaximal stimuli (pulse durations of 2 ms) were delivered using a computer-controlled electrical stimulator (model S44; Grass Instruments, Quincy, MA). Muscle force and length signals were stored on a computer using Labdat/Anadat software (RHT InfoData, Montreal, QC). Force-frequency relationships were determined at muscle optimal length by sequential supramaximal stimulations for 300 ms at 10, 30, 50, 100, and 120 Hz, with a 2-min interval between each stimulation train. Muscle length was measured with a microcaliper and weighed. Muscle force was normalized to tissue cross-sectional area (expressed as Newtons/cm 2 ). Morphological and molecular indices of regeneration. Control and injured TA muscles were excised 10 days postinjury, either fixed overnight in 10% buffered Formalin and paraffin embedded or snap frozen in liquid nitrogen and stored at Ϫ80°C for subsequent RNA analyses. Transverse sections (5-m thick) were cut from upper, middle, and lower regions of each muscle. Sections were deparaffinized, rehydrated, stained with eosin and hematoxylin, and used to detect three indices of muscle regeneration, including ratios of injured and regenerated fibers, the number of nuclei per regenerated fiber, and fiber cross-sectional area (CSA). Images were captured with an inverted microscope and analyzed with Image-Pro Plus (MediaCybernetics, Bethesda, MD). A total of 250 fibers per muscle sample were visualized, and the numbers of injured and recovered fibers were counted and expressed as a percentage of total counted fibers. Differentiation between injured and recovered fibers was based on the intensity of eosin staining. Injured fibers were identified as those with central nuclei and relatively weak eosin staining (increased RNA content stains weakly with eosin), whereas recovered fibers were defined as those with central nuclei and relatively strong eosin staining (18) . Primary antibodies selective to eMyHC (Developmental Studies Hybridoma Bank, University of Iowa) at a dilution of 1:10 and von Willebrand Factor (Chemicon International, Temecula, CA) at a dilution of 1:100 were used, respectively, to detect of the ratio of fibers expressing embryonic myosin heavy chain (eMyHC), an index of regeneration, and to quantify the capillary density. Immunohistochemistry was performed as described above. Tissues were positively stained with Fast Red and counterstained with hematoxylin. Muscle capillarization was quantified as capillary-to-fiber ratio, which was obtained by dividing the total number of capillaries by the total number of fibers on 200 randomly selected fibers (4) .
To detect changes in markers of satellite cell number (Myogenin, Pax7), muscle-specific proteins (Creatine Kinase M isoform), and endothelial cell abundance (PECAM1, Tie-1) in control and injured TA muscles, qPCR using specific primers (see online Supplemental Table S1 ) was performed as described above. ␤-Actin was used as an endogenous control. Relative quantifications of specific gene expression were compared with levels detected in noninjured muscles using the comparative threshold cycle (⌬⌬ CT ) method.
Mechanisms of Ang-1-Induced Skeletal Muscle Regeneration
We performed several experiments using primary human skeletal muscle myoblasts.
Cell culture. Isolated human and murine skeletal muscle precursor cells (myoblasts) derived from either human vastus lateralis biopsies or dissected TA muscles of adult (8 wk) male C57/Bl6 mice were established in culture as previously described (32) .
Myoblast survival and apoptosis. Effects of Ang-1 on myoblast cell survival and apoptosis were measured using CytoTox-Fluor Cytotoxicity and Caspase-Glo 3/7 assays, respectively (Promega, Madison, WI). Human primary skeletal muscle myoblasts (25 ϫ 10 3 cells) were seeded into 96-well plates and maintained for 12 h in skeletal muscle basal medium (SkBM) containing 15% FBS. Culture medium was then replaced with SkBM (0% FBS) containing either PBS or 300 ng/ml of recombinant human Ang-1. Cell cytotoxicity and caspase-3/7 activity were measured 36 h later, according to the manufacturer's instructions.
Myoblast proliferation. Effects of Ang-1 on myoblast cell proliferation were measured using a BrdU incorporation assay (Roche Applied Science, Laval, QC). Human primary skeletal muscle myoblasts were seeded into 96-well plates (1 ϫ 10 4 cells) and maintained for 12 h in SkBM containing 15% FBS. PBS (control) or Ang-1 (60, 100, or 300 ng/ml) was added to culture medium. Thirty minutes later, BrdU reagent (10 M) was added to each well and cells were incubated for 24 h, fixed, and labeled according to the manufacturer's instructions (Roche Applied Science, Laval, QC). Absorbance was measured using a microplate reader at 370 nm and corrected for background signals.
Myoblast migration. Effects of Ang-1 on myoblast migration were measured using a scratch wound healing assay. Human primary skeletal muscle myoblasts (1 ϫ 10 5 cells) were seeded into six-well culture plates and maintained for 24 h in SkBM containing 15% FBS. Cells were then carefully wounded using a 200-l pipette tip (1). Cellular debris was removed by washing with PBS. After wounding was completed, culture medium was replaced with SkBM containing 5% FBS and either PBS (control) or 300 ng/ml recombinant human Ang-1. Wounds were photographed immediately after wounding (time ϭ 0) and 4, 8, and 12 h later. Migration was measured as reduction in wound diameter following migration of cells into the cell-free zone (1). For each parameter, three wells of a given six-well plate were used, and the procedure was performed in triplicate.
Myoblast differentiation. Subconfluent human primary skeletal muscle myoblasts were maintained for 6 h in SkBM containing 250 multiplicity of infection (MOI) of Ad-Ang-1 or Ad-GFP (control cells). Cells were then washed and maintained for 48 h in SkBM containing 15% FBS to reach full confluence. Cells were collected (day 0 ϭ myoblast phase) for RNA extraction and protein expression measurements or differentiated into myotubes by replacing medium with DMEM supplemented with 2% HS. Differentiating cells were collected at 1, 3, 5, and 7 days of incubation in the differentiation medium. Total RNA (2 g) was extracted and reverse transcribed as described above. Expression of the myogenic transcription factors MyoD and Myogenin, muscle-specific MyHC, and 18S (control) was measured during differentiation using qPCR as described above (see online Supplemental Table S1 ). Protein immunoblotting with primary antibodies specific to MyoD at a dilution of 1:750 (Santa Cruz Biotechnology, Dallas, TX), Myogenin and MyHC at a dilution of 1:20 (both from the Developmental Studies Hybridoma Bank, University of Iowa) were used to determine protein levels. Ang-1 overexpression in cells infected with Ad-Ang-1 was detected by measuring Ang-1 protein in myoblast lysates using primary Ang-1 antibody (Mofarrahi M and Hussain SN; unpublished observations).
Regulation of myogenin expression. A firefly luciferase reporter plasmid driven by a Myogenin promoter (Myogenin-pGL3-Luc, 660 base pair fragment) was PCR cloned from mouse genomic DNA as previously described (29) . A MyoD-pcDNA3.1 expression vector was generated as previously described (11), and an expression vector expressing human Ang-1 (pAng-1-N1) was generated by cloning human Ang-1 cDNA into a pEGFP-N1 vector (Clontech, Mountain View, CA). An empty pEGFP-N1 vector was used as a control. Human skeletal muscle myoblasts or C2C12 murine myoblasts were transiently transfected with empty PGL3-Luc or Myogenin-pGL3-Luc vectors in the presence or absence of MyoD-pcDNA3.1, pAng-1-N1, or pEGFP-N1 vectors using Lipofectamine 2000 according to the manufacturer's instructions (Life Technologies). Cells were lysed 48 h later, and firefly luciferase activity was measured using a Dual Luciferase Assay Kit (Promega) and normalized to relative firefly luciferase activity.
Mechanisms of Ang-1 action. We compared mRNA expression profiles of myoblasts in which human Ang-1 was overexpressed using adenoviruses to those infected with control adenoviruses (Ad-GFP). Human primary skeletal muscle myoblasts were infected with AdAng-1 (n ϭ 3 wells) or Ad-GFP (control, n ϭ 3 wells) viruses as described above. Cells were maintained for 48 h in complete culture medium, and then medium was changed to SkBM containing 5% FBS. Cells were collected 12 h later and total RNA was extracted as described above. Total RNA (100 ng) was amplified using an Illumina RNA Amplification kit (Illumina, San Diego, CA) and labeled by incorporating biotin-16-UTP. Samples were hybridized to Illumina Gene Expression Sentrix BeadChip Human Ref-8_V2 as recommended by the manufacturer. Data analysis was performed using R software (version 2.15.0) and Bioconductor array packages (http:// www.bioconductor.org). Preprocessing of data expression was performed using a lumi package (16) . Quality control of each chip was performed based on sample correlation, probe ratio of hybridization, and distribution of intensity and variance. A filtering step was applied based on P values, which represent the probability of the observed signal being significantly different from the background signal. Probes with a detection probability of P Ͻ 0.05 in at least 50% of replicates in each experimental group were retained. After background correction, a variance-stabilizing transformation (VST) algorithm was applied to stabilize the variance in raw expression (28) and a robust spline normalization (RSN) algorithm was applied for normalization. Differential analyses between Ad-Ang-1 and Ad-GFP groups were performed with a moderated t-test (limma package) to determine fold changes and P values (40) . Based on the false discovery rate (FDR) approach, a gene list with a probability of P Ͻ 0.05 controlling the false-positive rate was selected. After annotation of selected genes with a lumiHumanAll.db package (version 1.18.0), functional analysis of the gene list was accomplished in two steps: gene ontology (GO) analysis using a GOstat package (17) followed by KEGG pathway analysis for gene expression profile. An mfuzz clustering algorithm was applied to identify different expression profiles.
Statistical Analysis
Statistical analysis was performed using one-way and two-way analyses of variance (ANOVA) for comparisons between multiple groups followed by a Tukey post hoc test for comparisons between individual groups. P Ͻ 0.05 (two-tailed) was considered statistically significant.
RESULTS

Regulation of Endogenous Angiopoietin Expression During Muscle Injury and Regeneration
In injured TA muscle, Ang-1 and VEGF mRNA levels decreased significantly by day 1 postinjury (Fig. 1) . Ang-1 mRNA levels then increased significantly on days 7 and 14 postinjury compared with noninjured muscle (Fig. 1) . Ang-2 mRNA levels increased significantly only on days 1 and 3 postinjury (Fig. 1) . Immunostaining revealed that Ang-1 protein was expressed in mononuclear cells residing between muscle fibers both in noninjured and recovering TA muscles (black arrows in Fig. 2, A-F) . Positive Ang-1 staining was also detected in blood vessels but not in nerve fibers (not shown). To confirm that Ang-1-positive mononuclear cells are skeletal muscle satellite cells, we first performed double immunofluorescence for Ang-1 and laminin (a marker of basal lamina) in noninjured and recovering TA muscles. Ang-1-positive cells (green) appeared to lie within basal lamina (laminin stains red) of skeletal muscle fibers (Fig. 2, G and H) . To confirm that Ang-1-positive cells were indeed satellite cells, we performed double immunofluorescence for Ang-1 and Pax7 (a marker of satellite cells) proteins. Ang-1-positive mononuclear cells (green) also stained positively for Pax7 protein (red), confirming that these cells are skeletal muscle satellite cells (Fig. 2,  I -L). It should be noted that not all Pax7-positive cells stained positively for Ang-1 protein, suggesting that not all muscle satellite cells abundantly express Ang-1 protein.
Ang-2 protein was expressed in mononuclear cells residing between muscle fibers and appears to lie within the basal lamina (as indicated by laminin staining) in both noninjured and recovering TA muscles (black arrows in Fig. 3, A-E) . Positive Ang-2 staining was also detected in blood vessels (Fig. 3E) . Double immunofluorescence for Ang-2 and Pax7 proteins demonstrated that Ang-2-positive mononuclear cells also stained positively for Pax7, thereby confirming that they were skeletal muscle satellite cells (Fig. 3, F-H) . As in the case of Ang-1, not all Pax7-positive cells stained positively for Ang-2 protein, suggesting that not all muscle satellite cells abundantly express Ang-2. To verify that skeletal muscle satellite cells do indeed express Ang-1 and Ang-2, we used qPCR and immunoblotting on primary human and murine skeletal muscle myoblast samples (see METHODS) . qPCR analysis revealed that Ang-1 expression was relatively higher than that of Ang-2 in human and murine myoblasts. Immunoblotting confirmed the presence of Ang-1 proteins in myoblast lysate and culture medium, indicating that skeletal muscle myoblasts actively secrete Ang-1 protein.
Regulation of Skeletal Muscle Regeneration by Ang-1 and Ang-2
In situ TA contractility. Immunoblotting of TA samples collected at the end of the experimental period (14 days postinjury) confirmed that injection of Ad-Ang-1 and AdAng-2 significantly increased muscle Ang-1 and Ang-2 protein levels, respectively (Fig. 4A) . Submaximal and maximal force generation in injured TA muscles infected with Ad-Ang-2 or Ad-GFP viruses were significantly lower than in noninjured muscles (Fig. 4B ). Submaximal and maximal force generations in injured TA muscles infected with Ad-Ang-1 viruses were not different compared with noninjured muscles (Fig. 4B) . It can be concluded, therefore, that Ang-1 enhances TA contractile recovery, whereas Ang-2 exerts no effect.
Markers of myogenesis and angiogenesis. Ten days after injury, the proportion of recovered fibers significantly increased in TA muscles infected with Ad-Ang-1 viruses compared with those infected with Ad-GFP viruses (Fig. 5) . No differences were observed in terms of fiber cross-sectional area (Fig. 5) . The proportion of fibers expressing eMyHC (Fig. 6 ) and the mRNA levels of Pax7 (marker of satellite cells) and CK-M (marker of regenerated muscle fibers) (Fig. 7) significantly increased in injured TA muscles injected with Ad-Ang-1 viruses compared with those injected with Ad-GFP viruses. Vascular regeneration in injured muscles was measured by quantifying capillary density [indicated by positive von Willebrand factor staining and the expression of two selective endothelial cell markers (PECAM1, Tie-1)]. Capillary density and expression of Tie-1 and PECAM1 significantly increased in injured TA muscles infected with Ad-Ang-1 viruses compared with those infected with Ad-GFP viruses (Fig. 7) . It can be concluded, therefore, that Ang-1 increases both myogenesis and angiogenesis in injured TA muscles.
Mechanisms of Ang-1-Induced Skeletal Muscle Regeneration
In vitro myogenesis. Cytotoxicity and caspase-3/7 activity of human skeletal muscle myoblasts significantly increased upon removal of FBS from the culture medium (Fig. 8, A and B) . Ang-1 significantly attenuated these responses (Fig. 8, A and  B) . Ang-1 significantly increased myoblast BrdU incorporation and migration 4, 8, and 12 h after being added to culture medium (Fig. 8, C and D) . It can be concluded, therefore, that Ang-1 promotes myoblast survival, proliferation, and migration. At any given time in the process of myoblast differentiation into myotubes, Ad-Ang-1 virus-induced overexpression of Ang-1 in human skeletal muscle myoblasts significantly increased Ang-1 protein levels and mRNA and protein levels of MyoD, Myogenin, MyHC (Fig. 9) , and CK-M (not shown). It can be concluded, therefore, that Ang-1 promotes myoblast differentiation. To assess the possibility that Ang-1-induced myogenin expression is dependent on the level of MyoD expression, myogenin promoter activity was measured in mu- rine (C2C12) and human skeletal muscle myoblasts transfected with an Ang-1 plasmid in the presence and absence of a MyoD expression plasmid. C2C12 myoblasts were used instead of primary murine myoblasts because technical difficulties were encountered in trying to achieve acceptable levels of transfection efficiency in the latter. In the presence of a MyoD expression plasmid, myogenin promoter activity was relatively low, albeit significantly higher than activity measured in the absence of MyoD expression plasmid (Fig. 10) , indicating that overexpression of MyoD exerts an effect on myogenin promoter activity. In the absence of a MyoD expression plasmid, overexpression of Ang-1 exerted no influence on myogenin promoter activity. Conversely, it significantly increased in the presence of a MyoD expression plasmid (Fig. 10) . It can be concluded, therefore, that Ang-1 induction of myogenin in skeletal myoblasts requires the presence of relatively high MyoD expression levels.
Ang-1-mediated regulation of gene expression. Transcriptomes of human skeletal myoblasts infected with Ad-Ang-1 and Ad-GFP viruses were compared using Illumina microarrays. The array platform is composed of 22,177 probe sets targeting genes and all known alternatively spliced variants from the NCBI Reference Sequence Database, Release 17. Differential gene expression of 2,366 transcripts was detected in myoblasts infected with Ad-Ang-1 viruses compared with those infected with Ad-GFP viruses. MyoD, myogenin, p21, and PGC1␣ were among the transcripts that were significantly upregulated in cells infected with Ad-Ang-1. To define the biological processes modulated by Ang-1 in skeletal myoblasts, a Gene Ontology (GO) term analysis was performed using all significantly modulated transcripts and the following arbitrary thresholds: odd ratio Ͼ1.5, P Ͻ 0.005, and FDR Ͻ0.08 (Fig. 11) . The analysis detected 177 biological processes that were significantly altered by Ang-1, including kinase activity, protein folding, proteasome catabolism, and protein ubiquitination (see online Supplemental Table S2 ). Among these, 12 are associated with cell cycle regulation, reflecting the influence of Ang-1 on skeletal myoblast proliferation (see online Supplemental Table S2 ). To further investigate how Ang-1 affects the myoblast cell cycle, a pathway analysis was performed on all 2,366 transcripts. With the use of a threshold of P Ͻ 0.01, 22 upregulated genes were detected in the cell cycle pathway, including CCND2, CCNB2, CCNA2, CDC2, CDK6, and CDC25B (KEGG ID4110) (see online Supplemental Table S3 ). It can be concluded, therefore, that Ang-1 exerts selective effects on several regulators of cell cycle processes in skeletal myoblasts.
DISCUSSION
We demonstrate for the first time that Ang-1 plays a role in the regeneration of skeletal muscle from necrotic injury and that this role is mediated through induction of the myogenic program in muscle progenitor cells in concert with the angiogenesis program in endothelial cells. In the differentiation process, for example, Ang-1 induces myogenin, which is essential to the development of functional skeletal muscle.
Skeletal muscle regeneration following injury is regulated by a highly coordinated gene expression program that drives muscle precursor cells to be activated very rapidly followed by proliferation and differentiation of these cells (6, 49) . In the cardiotoxin injury model, activation of satellite cell proliferation begins as early as 6 h after injury and transitions to a sustained differentiation program after 5-6 days, which coincides with reconstitution of the fascicular fiber architecture and the appearance of muscle fibers with differentiating centralized nuclei (21) . The myogenic transcriptional program relies heavily on basic helix-loop-helix (bHLH) transcription factors, such as MyoD, Myf5, MRF4, and myogenin, and p21, a cyclindependent kinase inhibitor (21) . Notably, similar transcriptional programs drive in vivo skeletal muscle satellite cell proliferation/differentiation and in vitro maturation of isolated myoblasts.
Our in vitro studies clearly indicate that Ang-1 enhances myogenin transcription in a MyoD-dependent fashion and that Ang-1 drives the differentiation process by enhancing expression of MyHC. In our in vivo studies, it is possible that the Ang-1 effect on injured TA muscle myogenesis was due to paracrine signaling coming from Ang-1-stimulated endothelial cells, a result of Tie-2 being predominantly expressed on these cells. However, because we observed a similar Ang-1 effect on the myogenic differentiation program in isolated muscle cells, an observation that was also noted by Lee et al. (25) , it is likely that Ang-1 enhances muscle regeneration by targeting both muscle satellite cell differentiation and Tie-2-mediated endothelial neovascularization. It is also possible that Ang-1 promotes muscle regeneration by inducing other types of cells that invade injured muscles to differentiate toward myogenic lineage. One such type is the vascular pericyte, which possesses myogenic potential that is distinct from satellite cells (15) . One recent study indicates that vascular pericytes resident in small vessels of skeletal muscles contribute to the normal development of muscle fibers, and this contribution significantly increases in acutely injured and chronically regenerating fibers (14) .
Little is known about the cellular origins of angiopoietin expression in normal and injured skeletal muscles. In this study, we report for the first time that Ang-1 is expressed in satellite cells in vivo and in isolated primary skeletal myoblasts in vitro. In an earlier study, we demonstrated that primary skeletal myoblasts express Ang-2 (32). Skeletal myoblasts, then, express both Ang-1 and Ang-2. It should be emphasized, however, that the relative abundance of Ang-1 mRNA is greater than that of Ang-2 mRNA, making it the principal angiopoietin that is produced by skeletal myoblasts and myo- tubes. Furthermore, unlike Ang-2, which exerts no effect on tibialis muscle regeneration in vivo, Ang-1 does indeed enhance regeneration following necrotic fiber injury. This difference is consistent with the observations that Ang-2 exerts a relatively weak and context-dependent effect on angiogenesis (7, 20) and no effect on the myogenesis program in myoblasts (32) .
We described a bimodal pattern of Ang-1 expression in injured TA muscle, with a decrease immediately after necrotic injury is initiated, followed by an increase on days 7 and 14 postinjury. Ang-2 expression appears to be the mirror image of that of Ang-1, with an immediate increase followed by return to baseline values after 7 days postinjury. The time course of Ang-2 expression in injured TA muscle in this study is similar to that described by Wagatsuma (46) in freeze-injured gastrocnemius muscle. However, the initial decline in Ang-1 mRNA expression observed on day 1 postinjury in this study differs from that described by Wagatsuma who observed an initial rise in Ang-1 mRNA levels. Reasons behind this difference in Ang-1 time course are not clear. We speculate that the type of muscle (gastrocnemius vs. tibialis anterior) and injury model (freeze vs. cardiotoxin-induced) may influence the degree to which endogenous Ang-1 expression is altered.
Mechanisms underlying enhanced Ang-1 expression during the recovery phase of injured TA muscle remain unclear. The hedgehog signaling pathway recently emerged as an important regulator of myogenesis and angiogenesis programs in ischemia-induced muscle injury; enhanced angiogenesis by this pathway may be mediated through upregulation of Ang-1 expression (26, 34, 41) . Furthermore, it has been recently reported that the hedgehog transcription factor Gli3 has promotes myoblast differentiation and angiogenesis in ischemia-induced muscle injury, and Gli3-induced angiogenesis is due to upregulation of pro-angiogenesis factors, particularly thymidine phosphorylase and Ang-1 (35) . These results suggest that the hedgehog signaling pathway is an important regulator of Ang-1 production. Further studies are required to elucidate the functional role of this pathway in cardiotoxin-induced injury.
The timing of Ang-1 in the regeneration of skeletal muscle and development of myotubes suggest that it works after myoblast fusion, a time frame characterized by sarcomeric assembly in the mature myofiber. In our in vivo experiments, Ang-1 was overexpressed on day 4 postinjury. Myosin, M-line proteins, and serum response factor (SRF)-regulated striated ␣-actin expression occurs during this period of muscle differentiation (27, 47) , indicating functional organization of myotube sarcomeric structure. At sequentially later stages of muscle maturation, such as proliferation and fusion, SRF is necessary for skeletal muscle growth/maturation in vivo and in vitro and is believed to function in concert with myocardin-related transcription factors (MRTFs) and KLF3 at CArG motifs (22, 27, 47) . In the late stages of maturation, a specific role has been established in vitro for SRF in ␤-integrin-mediated RhoA signaling and regulation of ␣-actin expression (47) .
Since Ang-1 is known to signal through ␤1 integrins in both skeletal muscle and endothelial cells (8, 12) , it is possible that it functions as a complementary regulatory pathway of SRF transcriptional activity and sarcomeric organization in the latter stages of myocyte differentiation. However, it is not yet known whether or not Ang-1 is required for MEF2C-and SRFinduced transcriptional expression of myofibrillar proteins and subsequent organization of the mature sarcomere. If it were required, it would firmly establish Ang-1 as a multipotent anabolic signaling molecule in muscle biology.
In cultured endothelial cells, Ang-1 promotes survival, proliferation, migration, and differentiation and inhibits apoptosis. Deletion of Ang-1 during early phases of vasculogenesis leads to major impairment of vascular formation and embryonic lethality (42) . Jeansson et al. (24) reported that deletion of Ang-1 after day E13.5 in adult mice produced no immediate vascular phenotype. However, when combined with injury or microvascular stress, Ang-1 deletion triggered major organ damage and fibrosis (24) . These results suggest that Ang-1 is dispensable in quiescent vessels but plays important roles in modulating the muscular response to injury.
Ang-1 exerts its vascular effects mainly through activation of Tie-2 receptors, which colocalize with ␣v␤3 integrins upon ligation, whereas Ang-2 recruits integrin subunits and triggers their internalization and degradation (44) . In this study, Ang-1 increased skeletal myoblast survival, proliferation, migration, and differentiation (Figs. 8 and 9 ). The presence of Tie-2 receptors in skeletal myoblasts and the involvement of these receptors in the effects of Ang-1 on these cells remain to be determined. Dallabrida et al. (12) failed to detect Tie-2 receptors in primary skeletal myoblasts, whereas AbouKhalil et al. (2) did in a subset of skeletal muscle satellite cells (reserve cells) and showed that their activation by Ang-1 promotes quiescence. In support of this finding, Ang-1 has also been shown to regulate hematopoietic stem cell (HSC) quiescence by promoting adhesion of HSCs to endosteal osteoblasts (5).
In this study, transcriptome analyses of human myoblasts infected with Ad-Ang-1 viruses demonstrated alterations in the expression of 2,366 transcripts that are involved in various biological processes, including cell cycle regulation. Upregulated genes such as CYCLIN D2 (CCND2), CYCLIN B2 (CCNB2), CYCLIN A2 (CCNA2), and CYCLIN-DEPEN-DENT KINASE 1 (CDC2) are critical regulators of cell cycle progress, and their upregulation may explain the increased myoblast proliferation that was seen in response to Ang-1 exposure in vitro. This explanation is in agreement with that of Lee et al. (25) but contradicts the study of Abou-Khalil et al. that used reserve cells (2) , for reasons that are as yet unclear. We speculate that skeletal progenitor cell subtypes exhibit different responses to Ang-1 depending on such factors as the presence or absence of Tie-2 receptors and the types of signaling pathways that are activated.
Clearly, additional studies are required to elucidate the exact contributions of Tie-2 receptors and integrins to the signaling pathways and biological effects of Ang-1 on skeletal muscle progenitors. It should also be emphasized that this study does not rule out the possibility that improved contractile performance is related to factors beyond Ang-1-induced myogenesis and angiogenesis, as Ang-1 also exerts direct effects on muscle contractility and the regulation of Ca 2ϩ inside regenerating muscle fibers. This view is supported by the work of Lee et al. (25) , who described increases in basal and caffeine-and KCl-induced Ca 2ϩ flux in primary skeletal myotubes exposed to recombinant Ang-1 protein. They also showed that Ang-1 upregulates the expression of several proteins involved in Ca 2ϩ flux, a response that is likely to lead to improved muscle force generation capacity.
Perspectives and Significance
Ang-1 has been studied primarily in the vasculature and hematopoietic system. Our current study demonstrates that in addition to promoting quiescence in specific population of myoblasts, Ang-1 clearly enhances the recovery of contractile performance and muscle fiber regeneration in injured skeletal muscles in vivo and stimulates survival, migration, proliferation, and differentiation of skeletal muscle progenitors in vitro. Taken together, these results demonstrate for the first time that a single ligand (Ang-1) functions in both the maintenance of the endothelium and the regeneration of myofibers in injured skeletal muscles. Because current pharmacological therapies targeting patients with pathological limb disease or injury are inefficient and largely directed toward individual cell types or specific signaling pathways, our current findings demonstrate the plausibility of developing singular therapeutic strategies to enhance recovery in multiple cell types, improving overall clinical outcomes particularly in patients with Duchenne Muscular Dystrophy. The success of this strategy will be dependent on future research dedicated to the generation of stable and protease-resistant form of Ang-1 than can be delivered to skeletal muscle fibers.
